Floral and vegetative development of plants is dependent on the combinatorial action of MADS-domain transcription factors. Members of the STMADS11 subclade, such as MPF1 of Physalis, are abundantly expressed in leaves as well as in Xoral organs, but their function is not yet clear. Our studies with transgenic Arabidopsis that over-express MPF1 suggest that MPF1 interacts with SOC1 to determine Xowering time. However, MPF1 RNAi-mediated knockdown Physalis plants revealed a complex phenotype with changes in Xowering time, plant architecture and seed size. Flowering of these plants was delayed by about 20% as compared to wild type. Expression of PFLFY is upregulated in the MPF1 RNAi lines, while PFFT and MPF3 genes are strongly repressed. MPF1 interacts with a subset of MADS-domain factors, namely with PFSOC1 in planta, and with PFSEP3 and PFFUL in yeast, supporting a regulatory role for this protein in Xowering. The average size of seeds produced by the transgenic MPF1 RNAi plants is increased almost twofold. The height of these plants is also increased about twofold, but most axillary buds are stunted when compared to controls. Taken together, this suggests that members of the STMADS11 subclade act as positive regulators of Xowering but have diverse functions in plant growth. Keywords Flowering time · MADS-box genes · Plant architecture · Physalis · Protein-protein interaction · Seed size Abbreviations RNAi RNA interference BiFC Bimolecular Xuorescence complementation YFP Yellow Xuorescent protein KO Knockdown Electronic supplementary material The online version of this article (
Introduction
MADS-domain proteins play important roles in development and evolution of Xowering plants, and often exert their functions as heterooligomers. Engaged both in the control of Xowering time and the formation of Xowers, they also act outside the Xower-for instance, in the control of fruiting and in vegetative development (Theissen 2001; Becker and Theissen 2003) . Members of a superclade encompassing four subclades, named STMADS11, STMADS16, SVP and ZMM19, are expressed mostly in vegetative tissues (He and Saedler 2005) .
Five genes of the SVP subclade have been functionally characterized so far in dicotyledonous plants: SVP (SHORT VEGETATIVE PHASE) controls Xowering time in Arabidopsis thaliana (Hartmann et al. 2000; Lee et al. 2007) ; JOINTLESS is involved in abscission layer formation (Mao et al. 2000) and suppresses sympodial inXorescence meristem in Solanum lycopersicum (Szymkowiak and Irish 2006) ; INCO deWnes a morphological novelty-the prophyll in Antirrhinum majus (Masiero et al. 2004) ; and PkMADS1 regulates adventitious shoot induction and vegetative shoot development in Paulownia kawakamii (Prakash and Kumar 2002) . An SVP ortholog from Eucalyptus grandis, when ectopically expressed in A. thaliana, results in late Xowering, suggesting that it may assist in controlling Xowering time in its native host as well (Brill and Watson 2004) .
Four members of the STMADS16 subclade have been functionally analyzed. Over-expression of STMADS16 from Solanum tuberosum, the founding member of this subclade, aVected Xowering time and altered inXorescence architecture in transgenic Nicotiana tabacum (Garcia-Maroto et al. 2000) . MPF2 controls a morphological novelty, the inXated calyx syndrome (ICS) or "Chinese lantern" in Physalis Xoridana, and is required for male fertility in this species as well Saedler 2005, 2007b) . Overexpression of MPF2, like that of STMADS16, alters inXorescence architecture in transgenic S. tuberosum (He and Saedler 2007a) . AGL24, when over-expressed in its native host A. thaliana, promotes Xowering and functions as a repressor of Xoral meristem development (Yu et al. 2002 (Yu et al. , 2004 Michaels et al. 2003; He and Saedler 2007b) . IbMADS4 from sweet potato regulates vegetative shoot development in transgenic chrysanthemum (Aswath et al. 2004) .
The ZMM19 subclade comprises all known STMADS11like sequences from monocots and plays diverse biological functions as well. Over-expression of ZMM19 occurs in the Tunicate mutant of Zea mays, and is responsible for formation of the large glumes encapsulating the maize kernel that give this mutant its name (Münster et al. 2002; He et al. 2004) . The phenotype seen in OsMADS22 over-expressing Oryza sativa is reminiscent of Tunicate (Sentoku et al. 2005) . In transgenic Arabidopsis, OsMADS22 and its close homolog OsMADS47 cause Xoral reversions (Fornara et al. 2008) . Besides these genes, another homolog, OsMADS55, is also demonstrated to be a negative regulator of brassinosteroid responses (Fornara et al. 2008; Lee et al. 2008b) . TaVRT-2 from Triticum aestivum has been shown to code for the repressor of Xowering (Kane et al. 2005) . Its homologs from barley are demonstrated to inhibit Xoral meristem identity (Trevaskis et al. 2007) .
A common role for these STMADS11 superclade MADS-box genes is in the control of Xowering time. Phase transition is a very important developmental process in plants. In Arabidopsis, several key regulators of Xowering time, such as CO, FLC and AP1, and key integrators of diVerent Xoral pathways, including LFY, SOC1 and FT, were functionally characterized and were shown to operate in complicated Xoral pathways involving transcription regulation and protein-protein interactions (Mandel and Yanofsky 1995; Michaels and Amasino 1999; Wagner et al. 1999; Borner et al. 2000; Lee et al. 2000; Reeves and Coupland 2001; Moon et al. 2003; Parcy 2005; Corbesier et al. 2007) . STMADS11 from S. tuberosum (Carmona et al. 1998 ) is the founding member of the fourth subclade, which does not include any Arabidopsis proteins (He and Saedler 2005) . No function was thus far assigned to members of this subclade. Here, we report molecular and functional characterization of MPF1, a typical member of the STMADS11 subclade, from P. Xoridana. We provide evidence that MPF1 is involved in plant architecture, seed size and Xowering-time control.
Materials and methods

Plant materials
The sources of all solanaceous plant materials involved in this study (S. tuberosum L. and P. Xoridana Rydb.) are described in He and Saedler (2005) . These plants and A. thaliana ecotype Columbia were grown in glasshouses under long-or short-day conditions as indicated.
Isolation of nucleic acids
Leaves and Xoral organs were harvested and immediately plunged into liquid nitrogen. Genomic DNA of solanaceous plants was isolated with the Dieca buVer (Merck, Darmstadt, Germany). Total RNA was isolated from various organs of both solanaceous plants and Arabidopsis using the total RNA reagent kit (Biomol, Hamburg, Germany).
Isolation of DNA fragments for sequence analysis
Full-length cDNAs, derived from genes of the STMADS11 subclade from various solanaceous species, and partial cDNA sequences for Xowering-time genes (except PFSOC1) were isolated using the 5Ј/3Ј RACE Kit (Roche Diagnostics, Mannheim, Germany). Gene-speciWc primers for members of the STMADS11 subclade were designed based on the STMADS11 cDNA sequence from potato (Carmona et al. 1998 ). The primers for Physalis Xoweringtime genes were based on sequences of their homologs from various plant species, obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/). The High Fidelity PCR System (Roche) was used to amplify the cDNAs. Gene-speciWc primers were designed based on sequences of the full-length cDNAs, and employed to isolate the genomic sequences of the corresponding members of the STMADS11 subclade using the Expand Long Template PCR System (Roche). The promoter sequences were isolated by rapid ampliWcation of gDNA ends analysis using the same primers as for 5ЈRACE. PCR products were Wrst visualized on 1.0% agarose gels and then puriWed, or puriWed directly, with the Highly Pure PCR Product PuriWcation kit (Roche), and cloned into the pGEM T-easy vector (Promega, Madison, WI, USA). Plasmids were prepared using the Miniprep Plasmid PuriWcation kit (Qiagen, Hilden, Germany). Yeast clones were directly characterized using a combination of PCR puriWcation and direct sequencing analysis.
Northern blots
Northern blots were performed as described previously (He et al. 2002) . After stripping of probes, the blots were rehybridized with an ACTIN gene probe from S. tuberosum (He and Saedler 2005) . The Wlters were exposed in a Molecular Dynamics Storage Phosphor Screen and the signals were read with a Typhoon 8600 PhosphorImager (Amersham, Pharmacia Biotech Limited, Little Chalfont, UK).
RT-PCR analysis
Total RNA was isolated from Arabidopsis seedlings of wildtype, MPF1 transgenic and soc1-3 mutant lines, grown under long-day condition. Seedlings were harvested 10, 12 and 14 days after germination. First-strand cDNA was synthesized using reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and PCRs were performed to amplify transcripts derived from the Xowering-time control genes CO, FT, SOC1, AP1, LFY, and FLC. For semi-quantitative RT-PCR, the PCR products were run on a 1.0% agarose gel. Real-time RT-PCR was carried out using the Bio-Rad iQ5 Real Time PCR Detection System. Reactions were carried out in 25-L reactions including 125 nmol/L of gene-speciWc primer and 1£ iQ SYBR Green Supermix solution (Bio-Rad Laboratories, Hercules, CA, USA). The program was set at 95°C for 3 min to activate polymerase, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 1 min, and a Wnal melting curve analysis from 60 to 95°C. AmpliWcation eYciency was determined and only primer pairs that showed 85-105% ampliWcation eYciency were used for expression studies. The RT-PCR experiments were repeated three times using cDNAs from independent isolations of total RNA (each RT-PCR experiment was repeated three times using the same cDNA). A typical experiment is presented. Relative expression of the Xowering-time genes was normalized with respect to PP2A expression according to the PfaZ method (Bio-Rad).
Transformation of A. thaliana and P. Xoridana
For over-expression, full-length (sense) MPF1 cDNA was fused to the cauliXower mosaic virus (CaMV) 35S promoter and subsequently cloned into the binary plant vector pBAR-A. For functional promoter analysis, the upstream sequences (from ATG) of STMADS11 (803 and 1,383 bp) and MPF1 (905 and 1,550 bp) were inserted into pGPTV-BAR vector fused with GUS reporter gene. Transformation of Arabidopsis was performed according to Clough and Bent (1998) and transgenic plants were selected by spraying with 0.15% BASTA. Design of constructs, and details of transformations and screening conditions for 35S:MPF1-RNAi P. Xoridana plants were as described previously (He and Saedler 2005) .
GUS histochemical assays of transgenic Arabidopsis
For GUS activity analysis, tissues of GUS reporter transgenic lines were immersed in a staining buVer (100 mM phosphate buVer, 10 mM EDTA, 0.5 mM K 3 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 , 0.1% Triton X-100 and X-Gluc) and incubated at 37°C overnight. The samples were treated with 70% ethanol repeatedly to remove chlorophyll. The images were taken with a SMZ1000 stereomicroscope (Nikon, Japan).
Characterization and quantiWcation of phenotypes
Bolting time (days after germination), and the numbers of rosette leaves at bolting and anthesis were recorded for wild-type, soc1 and transgenic Arabidopsis lines grown under either short-or long-day conditions. The wild-type and transgenic Physalis were grown under long-day conditions (at 16-22°C), and the overall height and the number of internodes between the cotyledon and the Wrst Xower bud, and the length and internode number of each lateral branch were measured at the time of anthesis. At least four plants from each line were included in all cases. Seed weight (g/100 seeds) was balanced three times independently for each line.
Genotyping of transgenic plants
Transgenic Arabidopsis lines were genotyped by Southern blotting and real-time RT-PCR. For real-time RT-PCR, 28day-old seedlings of wild-type and transgenic Physalis were used. PFMAGO1 (He et al. 2007 ) was used as an internal control. The procedure and the reaction parameters for RT-PCR analysis were as described for transgenic Arabidopsis.
Yeast two-hybrid assays and library screens Full-length MPF1 cDNA was cloned into pGBKT7 (Clontech, Laboratories, Mountain View, CA, USA). Transformed yeast cells did not grow on SD/-Trp-His plates, indicating that MPF1 did not self-activate. Full-length MPF1 was, therefore, used as a bait to screen cDNA libraries of Arabidopsis and Physalis (Ling et al. 1995; He et al. 2007 ). All conWrmations were performed on mediumstringency plates containing SD/-Trp-His-Leu and highstringency plates containing SD/-Trp-His-Leu-Ade, plus 3.0 mM 3-AT, respectively (He et al. 2007 ). Media were prepared and yeast cells were handled according to standard procedures detailed in the manuals supplied by Clontech. The non-lethal -galactosidase assay was performed as described by Duttweiler (1996) .
Bimolecular Xuorescence complementation (BiFC)
Coding regions of MPF1 and PFSOC1 were ampliWed by PCR with primers that introduced NcoI and EcoRV sites to facilitate the construction of N-terminal fusions in-frame with the N-terminal (aa 1-155) and C-terminal (aa 156-239) domains of yellow Xuorescent protein (YFP) in pvk-ctYN and pvk-ctYC, respectively. Four constructs were assembled: pvk-MPF1-ctYC, pvk-MPF1-ctYN, pvk-PFSOC1-ctYC and pvk-PFSOC1-ctYN. The YFP-split pvk vectors (A.Y., unpublished work) essentially correspond to the 3Ј module Agroinfection vectors described by Gleba et al. (2004) and Marillonnet et al. (2004) . They are able to recombine in plant cells with a viral 5Ј-module (pICH17388) in the presence of a recombinase vector (pICH10881); these components are provided by separate Agrobacterium tumefaciens GV3101 strains. For the BiFC assay, four Agrobacterium strains were combined: two YFP-split strains (gene fusions in pvk-ctYN and pvk-ctYC) and the 5Ј module and recombinase strains. One pvk strain was omitted in negative controls. Seedlings (6-9 weeks old) of P. Xoridana and Nicotiana benthamiana were used as hosts. Agroinfection was performed as described , and the Xuorescent signal emanating from reconstituted YFP was observed 2-5 days post-infection using a Xuorescent microscope (Zeiss Axiophot). Negative controls were also examined with CFP and RFP Wlter sets.
Results
Heterologous expression couples MPF1 to Xowering
Over-expression of MPF1 in A. thaliana leads to late Xowering under both short-and long-day conditions and these 35S:MPF1 transgenic plants seem to phenocopy SOC1 deWciency ( Fig. 1a-c ; Table 1 ). Strong and speciWc interactions of MPF1 with SOC1 were detected in yeast ( Fig. 1d) , corroborated by the result that only six independent clones of MADS-domain protein SOC1 were uniquely Wshed out from an Arabidopsis expression library using full-length MPF1 as bait. MPF1 interferes with the expression of Xowering-time genes in Arabidopsis. Our data suggest that CO, FLC and AP1 might be primary targets of MPF1 in Arabidopsis under long-day conditions (supplemental Fig. S1 ). The data from soc1-3 mutants suggest that SOC1 induces the expression of FLC and AP1 at particular times during Fig. S1 ) and thus seems to share some targets with MPF1. Taking together, these imply that MPF1, directly or indirectly, antagonizes SOC1 function in Arabidopsis and suggest that MPF1 may control Xowering time in Physalis as well. Therefore, expression patterns of MPF1 in Physalis and protein-protein interactions were studied. However, the function of MPF1 most directly is revealed through RNAi MPF1 knockdown experiments.
Expression pattern of the MPF1 gene
We performed Northern blot analysis using gene-speciWc cDNA fragments as probes. Figure 2a shows that MPF1 mRNA of P. Xoridana is expressed in all Xoral whorls, though at diVerent levels, suggesting either that these mRNAs have diVerent turnover rates or that the genes are transcribed at a diVerent level in these organs. In S. tuberosum, which was used as an independent control species, the ortholog STMADS11 was diVerentially expressed in all Xoral organs and its mRNA levels were higher in all bud stages than at other stages of Xowering (Fig. 2a) . In addition, two bands were detected in some Xoral organs ( Fig. 2a ), suggesting developmental and post-transcriptional regulation.
We also studied heterologous expression driven by the MPF1 and STMADS11 promoters in Arabidopsis. Two fragments of each promoter (803 and 1,383 bp for STMADS11, and 905 and 1,550 bp for MPF1 that included 5ЈUTRs) were tested for ability to drive expression of the GUS reported gene in transgenic plants. In spite of the evolutionary distance, size and divergences of sequences tested, the similar GUS expression domains were observed in all cases (Fig. 2b) . Although the precise length of the promoters need to be deWned, 0.8-1.5 kb fragments upstream of ATG of both genes seem to be suYcient to drive expression in leaves (mainly in veins), Xower buds, and all Xoral organs, though to lower levels (Fig. 2b) . However, while GUS signals were also seen in the receptacle of siliques, they were not detectable in seeds (Fig. 2b) . This largely reXects the expression patterns of MPF1 and STMADS11 in their native species (Fig. 2a ). The expression of MPF1 in vegetative and, to a lesser extent, in generative tissues is compatible with its involvement in Xowering-time control as suggested by the interaction with SOC1 from Arabidopsis. Therefore, MPF1 interacting partners from Physalis were analyzed.
Interacting partners of MPF1 in Physalis
To Wnd candidate Physalis proteins interacting with MPF1, we screened Physalis cDNA expression libraries (He et al. 2007 ), using MPF1 as a bait (see "Materials and methods"). Sequencing analysis of 15 clones, which were obtained from library screens, revealed that they represented 3 MADS-box genes: Wve SOC1-like (PFSOC1), seven SEP3like (PFSEP3) and three FRUITFUL-like (PFFUL) clones.
The MFP1-PFSOC1 interactions were further characterized in the yeast two-hybrid tests and in planta.
MFP1-PFSOC1 interactions in yeast
Sequencing of the Wve SOC1-like clones isolated from the Physalis library showed that they belonged to two types, coding for two diVerent SOC1-like proteins in Physalis, termed PFSOC1 and PFSOC2. Interaction of MPF1 with PFSOC1 and PFSOC2 was conWrmed using a non-lethalgalactosidase assay in yeast (Fig. 3a) . Four PFSOC1 and one PFSOC2 cDNAs were rescued from these colonies. The longest of the PFSOC1 cDNAs recovered from the library screen comprised 957 bp and included 19 bp of 5ЈUTR. It had a coding capacity of 219 amino acids. The deduced PFSOC1 protein is slightly longer than its Arabidopsis counterpart SOC1 (215 amino acids) and shares 63% identity with Arabidopsis SOC1 at the amino acid level. All PFSOC1 clones encoded complete IKC domains, which are capable of interacting with MPF1, while one of the PFSOC1 cDNAs encoded amino acids 3-156 and displayed only weak interaction with MPF1 (Fig. 3a ). This last Wnding may indicate that the C-terminus of PFSOC1 is important for MPF1 binding.
Only a partial sequence of PFSOC2 was obtained from the library and, therefore, this gene was not studied further, although it seemed to comprise the IKC domain as well.
MPF1 interacts with PFSOC1 in planta
The interaction of MPF1 and PFSOC1 in planta was assessed by BiFC using YFP-split technology (Hu et al. 2002; Hu and Kerppola 2003; Bracha-Drori et al. 2004; Walter et al. 2004 ; see "Materials and methods"), in which the interaction of two proteins is indicated by the reconstitution of YFP Xuorescence. For this purpose, the N-and C-terminal halves of YFP (YN and YC), which exhibit no auto-Xuorescence, were fused in-frame to MPF1 and PFSOC1, respectively, and the two fusion proteins were coexpressed in transgenic plants. For co-expression assays, we used a viral expression system based on in planta engineering of viral RNA replicons Marillonnet et al. 2004 ). Using Agroinfection, N-or C-terminal fusions with the split YFP fragments were transiently co-expressed in leaves of P. Xoridana and N. benthamiana. Co-expression of either YN-MPF1/YC-PFSOC1 or YN-PFSOC1/YC-MPF1 yielded a YFP signal in both nucleus and cytoplasm (Fig. 3b, c) . No such signal was observed in controls. Thus, these data suggest that MPF1 and PFSOC1 form heterodimers in planta and conWrm the results of the yeast twohybrid assays. In addition, these results further strengthen the involvement of MPF1 in Xowering-time control.
However, the function of a gene can be best inferred from its mutant phenotype. Unfortunately, no such mutants are available in P. Xoridana; therefore, we decided to use RNAi technology to silence the MPF1 gene.
Analysis of 35S:MPF1-RNAi transgenic P. Xoridana plants
We obtained 12 35S:MPF1 RNAi transgenic P. Xoridana lines and genotyped them by real-time RT-PCR (Fig. 4a ). The morphology of the knockdown (KO) lines that displayed the greatest degree of suppression of MPF1 (i.e. KO2, KO3, KO5, KO6, KO9 and KO10) was further examined.
Flowering time and expression of putative Xowering-time genes No Xoral abnormalities were observed but most of these KO lines Xowered on average 10 days later than the wild type (Fig. 4b ). To verify that MPF1 plays a positive role in determining Xowering time, we examined expression of putative Physalis orthologs of various Arabidopsis genes that are known to participate in Xowering.
We isolated from Physalis PFCO (CO-like), PFFT (FTlike), PFSOC1 (SOC1-like), PFLFY (LFY-like) and MPF3 (AP1-like). All attempts to isolate an FLC-like sequence failed, implying that a close homolog does not exist in Physalis. The expression proWles of the above genes were investigated by real-time RT-PCR in 28-day-old seedlings from wild-type Physalis and from the four MPF1 RNAi lines KO2, KO3, KO4 and KO10. KO2, KO3 and KO10 showed severe Xowering phenotype (Fig. 4a) , whereas KO4 manifested no obvious phenotype (Fig. 4a) and expressed MPF1 at a wild-type level. In accordance with these Xowering phenotypes, the PFLFY gene was signiWcantly upregulated, while PFFT and MPF3 were strongly repressed in KO2, KO3 and KO10, compared to wild type and KO4 (Fig. 4c) .
Plant architecture
As shown in Fig. 5a , the overall height and the distance between internodes were dramatically increased in the six transgenic plants with the most severe phenotype (by up to 82 and 74%, respectively). However, the number of internodes on the main stem was unchanged (Fig. 5a, b) . In wild-type Physalis, the axillary shoots were fully developed before Xowering, while in the MPF1 knockdown lines (KO2, KO3, KO5, KO6, KO9 and KO10), most axillary buds were stunted (Fig. 5a, b ). Furthermore, this seemed to depend on the position of the shoot on the main stem ( Fig. 5a, b) . The cotyledonous axillary shoots were markedly reduced in size, but the Wrst two axillary lateral shoots remained unaVected as compared to wild type. Internode numbers on later-emerging lateral shoots were increased, but internodes were closer together than in the wild type, resulting in reduced overall shoot lengths (Fig. 5a, b) . Thus, MPF1 seems to act as a repressor for main stem growth and as an activator of lateral shoots.
Seed size
Mutant seeds of KO2 are signiWcantly bigger than those of wild type (Fig. 5c ). This holds for all KO lines in which MPF1 expression is reduced signiWcantly (Fig. 5d ), but it also includes line KO11 featuring an intermediate expression level of MPF1 (Fig. 4a ). The seed viability seems not to be aVected by knockdown of MPF1 since their germination rate is similar to that of wild-type seed (data not shown).
In summary, these results indicate that, in addition to controlling Xowering time in Physalis, MPF1 inhibits growth of the main stem, promotes development of axillary shoots and retards seed development.
Discussion
MADS-domain transcription factors act as homo-or heterodimers and often aVect more than one trait (Schwarz-Sommer et al. 1990; Coen and Meyerowitz 1991; Weigel and Meyerowitz 1994; Yu et al. 2002 Yu et al. , 2004 He and Saedler 2005; Melzer et al. 2008) . Here, we demonstrate that MPF1, a member of STMADS11 subclade MADS-box genes, also plays multiple roles in Physalis: MPF1 acts as a promoter of Xowering in Physalis MPF1 apparently promotes Xowering in Physalis. The direct evidence for this comes from experiments that revealed about 20% delay in Xowering time in MPF1 RNAi knockdown lines. MPF1 could exert its role in Xowering either via a direct regulation of Xowering-time control genes or through interaction with their proteins. This assumption is supported by the observation that MPF1 can interact with the products of MADS-box genes, such as PFSOC1, PFFUL and PFSEP3 from Physalis, the orthologs of which are all involved in the control of Xowering in Arabidopsis (Borner et al. 2000; Lee et al. 2000; Teper-Bamnolker and Samach 2005) , and that MPF1 promoted expression of the putative orthologs of FT (PFFT), AP1 (MPF3) and, to a lesser extent, SOC1 (PFSOC1) and CO (PFCO) in Physalis. A relative loss of activation of these might contribute to the late-Xowering phenotype of the MPF1 knockdown mutants. On the other hand, MPF1 repressed PFLFY (the ortholog of LFY); release from this repression should promote Xowering and thus might limit the delay in the knockdown mutant to the extent actually observed. In addition, FLC-like genes, repressors of Xowering in Arabidopsis (Michaels and Amasino 1999; RatcliVe et al. 2001 RatcliVe et al. , 2003 , seem to be missing in the Physalis species.
Remarkably, MPF1 acts as a repressor of Xowering and aVected many genes such as CO, FLC and AP1 involved in its control either directly or through interaction with SOC1 when over-expressed in the heterologous host, i.e. Arabidopsis. We found that MPF1 induced CO transiently and FLC more stably in transgenic Arabidopsis, and thereby acted to repress FT and SOC1, which could account for much of the delay in Xowering time. The repression of AP1 might further enhance the delay in Xowering. This scenario is corroborated by the observations that MPF1 interacts diVerently with other MADS-domain proteins from Physalis and Arabidopsis. In Physalis, MPF1 interacted with PFSOC1, PFSEP3 and PFFUL. Their Arabidopsis orthologs are known to be involved in Xowering (Borner et al. 2000; Lee et al. 2000; Teper-Bamnolker and Samach 2005) . However, when expressed in Arabidopsis, MPF1 is found to interact only with SOC1, an integrator of Xoral pathways (Lee et al. 2000; Moon et al. 2003) .
SVP and AGL24 in Arabidopsis are two close homologs of MPF1 but they are not orthologs (He and Saedler 2005) and they are involved in Xowering-time control in Arabidopsis (Hartmann et al. 2000; Yu et al. 2002; Michaels et al. 2003; Lee et al. 2007 ). Both proteins share a similar spectrum of interacting partners such as SEP3, SOC1, FUL, AP1, etc. (Masiero et al. 2004; de Folter et al. 2005) and SVP interacts directly with FLC (Fujiwara et al. 2008 ) as well. These interactions (i.e. with SOC1) seem to be most important for their integration into Xoral pathways (Masiero et al. 2004; de Folter et al. 2005; Fujiwara et al. 2008; Lee et al. 2008a; Liu et al. 2008) . As a close homolog of SVP and AGL24, MPF1 shares most of their interaction proWles with PFSOC1, PFSEP3 and PFFUL in Physalis but not with corresponding orthologs of the latter from Arabidopsis.
These Wndings might suggest that the basic structure of the "regulatory and interacting" networks controlling Xowering time has been conserved during evolution, but details have diverged substantially between these fairly distant species, A. thaliana of the Brassicaceae and P. Xoridana of the Solanaceae. MPF1 controls plant architecture and seed development MPF1 functions are not restricted to Xowering. Transgenic knockdown plants were taller and more slender than wildtype Physalis. While MPF1 seemed to repress growth of the main stem, axillary shoot development was promoted to diVerent degrees along the plant axis. Cotyledonous axillary shoots of MPF1-silenced plants were smaller than those of wild-type Physalis, Wrst and second lateral shoots were normal and the other laterals were reduced in length. Thus, MPF1 seems to play an important role in plant architecture. Recently, Melzer et al. (2008) have shown that the soc1 ful double mutant of Arabidopsis features a very diVerent plant habitus compared to wild type, i.e. exaggerated indeterminate growth. Since, however, Physalis MPF1 interacts only with SOC1 and not with FUL of Arabidopsis, this may explain the lack of a corresponding phenotype when over-expressing the Physalis gene in the heterologous host. However, the situation in Physalis itself is diVerent. Here, MPF1 interacts with both PFSOC1 and PFFUL and hence downregulation of MPF1 might be the reason for generating the architectural plant phenotype observed. Since too little genomics has been done in Physalis thus far and no microarrays are yet available, the components controlling plant architecture remain elusive.
The third trait controlled by MPF1 in Physalis is seed development. Seed weight and size were doubled in lines in which MPF1 was severely downregulated, suggesting that MPF1 acts as a repressor. The contribution of about seven diVerent MADS-domain proteins to fruit and seed development has been studied in S. lycopersicum (Busi et al. 2003 ), a relative of Physalis. These authors suggested that TAGL2 could represent a SEPALLATA function in tomato and, through an interacting network with other MADS-domain proteins, especially TAG1, might control seed development. Since we showed that MPF1 interacts with PFSEP3, it can probably aVect seed development in Physalis in a similar fashion. However, the interaction of MPF1 with PFFUL, an ortholog of FUL, might provide an alternative. Seeds of Arabidopsis ful mutants are slightly smaller than wild type (Gu et al. 1998 ), while 35S:FUL Arabidopsis plants not only Xower early, but also feature a threefold higher seed weight when compared to wild type (Ferrandiz et al. 2000) . It is conceivable, therefore, that increased seed size and seed weight in the MPF1-RNAi knockdown Physalis plants might reXect reduced levels of the MPF1/PFFUL complex and relative increase of PFFUL, compared to wild type. The seed/fruit phenotype of transgenic Physalis overexpressing PFFUL might substantiate this speculative scenario.
In conclusion, we functionally characterized MPF1 in Physalis, a member of the STMADS11 subclade encoding hypothetical MADS-domain transcriptional factors. Our data validate that MPF1 controls Xowering time, plant architecture and seed development in Physalis. Our work additionally suggests that caution has to be taken when the function of a protein involved in a particular network in its native host is studied in an evolutionary distantly related model plant.
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